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Modeling and simulationThe T cell antigen receptor (TCR) has been shown to cluster both before and upon engagement with cognate
antigens. However, the effect of TCR clustering on its activation remains poorly understood. Here, we used
two-color photo-activated localization microscopy (PALM) to visualize individual molecules of TCR and
ZAP-70, as a marker of TCR activation and phosphorylation, at the plasma membrane of uniformly activated
T cells. Imaging and second-order statistics revealed that ZAP-70 recruitment and TCR activation localized inside
TCR clusters. Live cell PALM imaging showed that the extent of localized TCR activation decreased, yet remained
signiﬁcant, with cell spreading. Using dynamic modeling and Monte-Carlo simulations we evaluated possible
mechanisms of localized TCR activation. Our simulations indicate that localized TCR activation is the result of
long-range cooperative interactions between activated TCRs, or localized activation by Lck and Fyn. Our results
demonstrate the role of molecular clustering in cell signaling and activation, and are relevant to studying a
wide range of multi-molecular complexes. This article is part of a Special Issue entitled: Nanoscale membrane
organisation and signalling.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
T cells probe the surface of antigen presenting cells (APCs) tomount
an immune response. Antigen recognition occurs through the presenta-
tion of cognate antigenic peptides onmajor histocompatibility complex
(pMHC)molecules on the surface of APCs, and their binding by the T cell
antigen receptor (TCR). TCR recognition of cognate antigens results in
the phosphorylation of the intracellular TCR chains by the kinases Lck
and Fyn, the recruitment of the kinase ZAP-70 [1], and the initiation of
a signaling cascade that is coordinated by LAT and LAT-nucleated signal-
ing complexes [2]. Recently, the TCR has been shown to form nanoscale
clusters (nanoclusters) [3,4]. These nanoclusters precede antigen en-
gagement [4–6], yet grow in size upon TCR engagement [4,7]. Addition-
al signaling complexes that play a critical role in cell activation have
been often observed in larger aggregates and clusters [8–11]. In spite
of their potential role in cell activation, the functional role of molecular
clustering is poorly understood, as clusters are typically much smaller
than the diffraction limit of light and could not be resolved by conven-
tional light microscopy [4,5]. Recently, TCR nanoclusters have been sug-
gested to play an active role in T cell activation throughmultiple putativele membrane organisation and
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.mechanisms [6,12]. For instance, conformational changes of the TCR
chains can occur between multiple TCRs within nanoclusters, thus
exposing the ITAMs of these TCRs to phosphorylation [6]. Moreover,
surface molecules might be able to recapture effector molecules
more efﬁciently in clusters than in isolation [8]. In addition, dynamic
organization and patterning of molecules in clusters in respect to ac-
tivators, inhibitors and effector molecules could regulate the efﬁ-
ciency of downstream signaling [4,5,13]. The kinetic proof-reading
and serial-triggering models have been developed to explain the
process of T cell activation, including its selectivity, speciﬁcity and
speed [14,15]. Yet, these models of T cell activation via its antigen re-
ceptor fail to explain these crucial and remarkable properties [16].
Importantly, these models of T cell activation do not account for
the clustered state of the TCR (and other key signaling molecules),
and thus are not concerned with potential mechanisms of TCR clus-
tering and disregard the potential contribution of TCR clusters to sig-
nal processing and transduction.
Here, we set out to resolve TCR activation in single molecule detail
and characterize potential cooperativity of TCRs within clusters.
Photoactivated localization microscopy (PALM) allows visualizing indi-
vidual molecules and localizing their position at the plasma membrane
(PM) of intact cells with resolution down to ~20 nm [17]. Thus, we used
PALM in two colors to image individual TCRζ chains and ZAP-70 mole-
cules, as markers of TCR activation at the PM of Jurkat E6.1 cells. The
cells were dropped on anti-CD3ε (αCD3) coated coverslip to obtain uni-
form activation of TCRs [18]. In spite of the spatial uniformity of the
811Y. Neve-Oz et al. / Biochimica et Biophysica Acta 1853 (2015) 810–821activating conditions, we found that ZAP-70 recruitment to TCR clusters
was not homogeneous and showed localized TCR activation inside
TCR clusters. This recruitment pattern was not considered before
[5] due to insensitivity of previously used statistical tools, which
we demonstrate and discuss below. Importantly, the localized re-
cruitment of ZAP-70 provided an opportunity to study mechanisms
of localized TCR activation such as cooperativity of TCRs within clus-
ters, which is the focus of this study. We further established a quan-
titatively predictive model to account for mechanisms of molecular
patterning at the PM of T cells and, more speciﬁcally, the localized ac-
tivation of TCRs within clusters. Our modeling and simulations
served to critically test the possible contribution of multiple mecha-
nisms and to deﬁne their possible characteristic properties, such as
their energetics, probability of occurrence and spatial reach within
the PM.
2. Results
2.1. ZAP-70 is locally recruited within TCR clusters at the PM of uniformly
activated T cells
We ﬁrst used PALM in two colors to image individual TCR and
ZAP-70 molecules, as markers of TCR phosphorylation and activation,
at the PM of activated T cells. For imaging, we dropped Jurkat E6.1 T
cells on coverslips coated with αCD3 antibodies that stimulated the
TCR [18]. The cells expressed TCRζ-Dronpa, a green photoactivatable
ﬂuorescent protein (PAFP) [19], and ZAP-70-PAmCherry, a red PAFP
[20]. Upon engagement with the coverslip, the cells spread and formed
pronounced clusters of TCR (Fig. 1A, in green) [5,18]. Activated TCRs re-
cruited the critical kinase ZAP-70 (Fig. 1A, in red). Yet, we also noted
that ZAP-70 recruitment was typically not uniform within TCR clusters
(Fig. 1A, zoom). This localized recruitment of ZAP-70 to TCR clusters
indicated localized activation of TCRs within clusters (we refer to this
observation as localized ZAP-70 recruitment or localized TCR activation
interchangeably, throughout the rest of the text). Localized TCR activa-
tion in clusters could signiﬁcantly contribute to the overall process of
T cell activation. Thus, the dynamics, causative mechanisms and impli-
cations of localized TCR activation are the subject of this study. To better
quantify the signiﬁcance of this localized ZAP-70 recruitment and TCR
activation, we used second-order statistics and numerical modeling, as
described below.
2.2. Univariate second-order statistics reveal hierarchical clustering of
activated TCRs within TCR clusters
We ﬁrst studied the statistical signiﬁcance of ZAP-70 localized
recruitment inside TCR clusters. For that, we simulated the random ex-
change of TCR and ZAP-70 labels while keeping their measured posi-
tions (a random labeling model) using Monte-Carlo simulations [11,
21] (compare panels B and C of Fig. 1).We then compared the univariate
and bivariate pair-correlation functions (PCFs) of the experimental data
(Fig. 1D, E, bold lines) to matching PCFs due to 19 Monte-Carlo simula-
tions of random labeling. The univariate PCF statistics were applied to
ZAP-70. The highest and lowest values of the simulated PCFs served to
deﬁne a 95% conﬁdence interval for the statistical acceptance (or rejec-
tion) of the random labelingmodel (Fig. 1D, E, dotted lines). Previously,
the bivariate PCFs due to the recruitment of ZAP-70 molecules to TCRs
were shown to follow a random labeling model, thus suggesting that
ZAP-70 mixes efﬁciently with TCR chains [5,21]. Importantly, we noted
here that the previously used bivariate PCFs are generally insensitive to
localized patterning within clusters. We revisit and demonstrate this
point through our simulation results below (see the Discussion section
and simulated data in Fig. S4). The comparison of the univariate PCF of
themeasured data to PCFs due to theMonte-Carlo simulations indicated
that ZAP-70 self-clustering was highly signiﬁcant up to ~250 nm
(p≪ 0.05) and that its value at short distances (20–80 nm) was N2times higher than the random distribution within the mutual pattern
of TCRs and ZAP-70 (Fig. 1D). To compare the statistical results of multi-
ple cells (or track changes in these results over time, as discussed below),
we introduced the following measures: (i) the previously deﬁned Extent
of mixing (EOM) [5,21], EOM = [ g12(20–60 nm)N− g12(1000 nm)] /
[bĝ12(20–60 nm)N− ĝ12(1000 nm)], where g12(r) is the experimentally
measured bivariate PCF of ZAP-70 and TCR, and where ĝ12(r) is the
average of 19 simulated bivariate PCFs following the random labeling
model for ZAP-70 and TCR. (ii) The Extent of self-clustering (EOSC),
EOSC = [bg11(20–60 nm)N− g11(1000 nm)] / [bĝ11(20–60 nm)N −
ĝ11(1000 nm)], where g11(r) is the experimentallymeasured univariate
PCF of ZAP-70 and ĝ11(r) is the average of 19 simulated univariate PCFs
following the random labeling model. The EOSC measure averaged at
2.19 ± 0.4 for multiple cells (N= 7), while the EOMmeasure averaged
at 0.81 ± 0.083. We note that EOM b 1 may indicate ZAP-70 recruit-
ment to molecules outside of TCR clusters, such as LAT [5]. Taken to-
gether, our results show that ZAP-70 molecules are self-clustered
within the joint pattern of TCR and ZAP-70 molecules. Since ZAP-70 re-
cruitment highlights activated TCRs, our results also indicate localized
activation of TCRs inside clusters (i.e. activated TCRs tend to signiﬁcantly
lie closer to other activated TCRs than to inactivated TCRs).
ZAP-70 recruitment to the TCR depends on its activation. Thus, to
further check our results under non-stimulating conditions, we imaged
the same cells as in the above on CD11a-coated coverslips that targeted
the LFA-1. As expected, this coating caused robust cell adherence with-
out the activation of the TCR. Importantly, the adherent cells showed
essentially no recruitment of ZAP-70 to TCR clusters (Fig. 1F) and no
correlation between ZAP-70 and TCRmolecules (Fig. 1G) [5]. Moreover,
the very low number of ZAP-70 molecules at the PM and their absence
of correlationwith TCRmolecules resulted in erroneously high values of
the univariate PCF, thus rendering our EOSCﬁgure irrelevant (Fig. S2). In
addition, we wanted to test whether changing of the type of activating
antibody could affect the patterns of localized TCR-activation. Thus,
we imaged the same cells on HIT3a αCD3-coated coverslips. Using
such coated-coverslipwe could recover the patterns of localized TCR ac-
tivation (Fig. S3). We next turned to two-color PALM imaging of live
cells, to capture the dynamics of the localized ZAP-70 recruitment to
TCRs inside clusters.
2.3. Live cell PALM imaging shows that localized ZAP-70 recruitment and
TCR activation reduce with cell spreading
Live cell imaging of activated T cells has shown that ZAP-70 gets
quickly recruited to the PM of activated cells, within less than 1 min
[22–24]. This early recruitment phase was followed by either a
prolonged phase (up to 20 min) of ZAP-70 presence [23] or a more
transient phase where ZAP-70 disappeared after 3 min and reappeared
after 7 min [22]. Furthermore, the use of ﬂuorescence recovery after
bleaching (FRAP) has shown marked differences between the mobility
of TCRζ and ZAP-70 in the cell [25], and that recruited ZAP-70 demon-
strated lower mobility [24]. In spite of such detailed description
by light microscopy, the spatial resolution of previous studies was
diffraction-limited [26], and did not allow the discrimination of individ-
ual ZAP-70 molecules and their positioning inside TCR clusters. More-
over, the precise localization of recruited ZAP-70 molecules in respect
to TCRs has been generally complicated by the translocation of TCRs at
the PM [24,27].
Here, we used two-color PALM imaging of live T cells to resolve the
spatial and temporal recruitment of ZAP-70 to TCR clusters (Fig. 2A).
Our experimental setup employed a coverslip coatedwith activating an-
tibodies that targeted the CD3ε chain. Thus, our assay greatly reduced
(or completely blocked) the mobility of TCRs at the PM of activated
cells [23]. This feature simpliﬁed the task of localizing ZAP-70 in respect
to TCR clusters. Since live cell PALM imaging requires an acquisition
time of multiple seconds per (integrated) frame [4,5], we further tried
to slow down the spreading and activation of the cells on the coverslip.
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Fig. 1. Localized activation of TCRs inside clusters at the plasmamembrane of T cells. (A–E) Two-color PALM imaging of E6.1 Jurkat cells onαCD3-coated coverslips. (A) A representative
cell expressing TCRζ–Dronpa and ZAP-70–PAmCherry (left) and a zoomed region of interest (N=7). Bar— 2 μm. (B) A study regionwithin the footprint of a cell. (C) A simulated footprint
with redistribution of TCRζ and ZAP-70molecules according to the random labelingmodel (seeMethods for further details). (D) A univariate pair correlation function (PCF)was generated
for the selected sets with respect to ZAP-70 (red)molecules. The PCF was compared to PCFs due to 19 random sets generated byMonte-Carlo simulations. (E) A bivariate pair correlation
function (PCF) was generated for the selected set, as in panel D. (F) Two-color PALM imaging of a representative cell expressing TCRζ–Dronpa and ZAP-70–PAmCherry onαCD11a-coated
coverslips (left) and a zoomed region of interest (N=9). Bar— 2 μm. (G) A bivariate pair correlation function (PCF) was generated for the data in panel F, and as in panel D. The univariate
analysis is presented in Fig. S2.
Fig. 2. Live cell PALM imaging shows a decrease in localized TCR activation with cell spreading. (A) A time sequence of two color PALM imaging of a cell spreading on an aCD3 coated
coverslip (left). The cell expressed TCRζ–Dronpa and ZAP-70–PAmCherry. Also shown are zoomed regions of interest (right), where localized recruitment of ZAP-70 is highlighted inside
TCR clusters (white arrows). Bar — 2 μm. (B) Univariate pair correlation functions (PCFs) for the time points of 150 and 710 s. PCFs were generated as in Fig. 1D. (C) The extent of self-
clustering (EOSC) as a function of spreading time (see deﬁnition of EOSC in the Results section). (D) Bivariate pair correlation functions (PCFs) for the time points of 150 and 710 s.
PCFs were generated as in Fig. 1E. (E) The extent of mixing (EOM) as a function of spreading time (see deﬁnition of EOM in the Results section).
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activationmay take about 8min.Our data analyseswere further compli-
cated by the time dependence of photoactivation and bleaching of
PAFPs during the PALM imaging sequence. To overcome these limita-
tions in data analysis and interpretation, we considered the cases of
ZAP-70 and TCR separately. In our imaging, ZAP-70 molecules were re-
cruited to TCRs, imaged, and bleached within tens of microseconds, and
thus, much faster than the evolution of the cell interface upon spread-
ing. The population of ZAP-70 molecules was further replenished over
time with newly recruited or exchanged ZAP-70 molecules [25]. Thus,
the on-going detection of ZAP-70 adequately captured the positions of
TCR activation. In contrast, identiﬁed TCR molecules were not ex-
changed in our measurements and were thus analyzed and presented
in three alternative ways: (i) Individual TCRmolecules were considered
and shown according to their detection frames. (ii) Individual TCRmol-
ecules were accumulated from the beginning of the imaging sequence,
and up to the speciﬁed frame time. (iii) The TCR (green) channelwas ﬁl-
tered in consecutive PALM frames using a Kalman ﬁlter (see further de-
tails in the Methods section). The data accumulated via approaches
(i) and (ii) served to set the lower and upper boundary values of the
EOM and EOSC measures (Fig. 2C, E). Approach (iii) served to reduce
the uncertainty in TCR positions due to the time-dependent process of
photoactivation and photobleaching, thus providing a realistic and in-
termediate representation of TCR positions over cell spreading (Fig. 2A).
Our results showedagain that ZAP-70 recruitmentwas localizedwith-
in TCR clusters from the beginning of themeasurements (t= 0 s) and till
their end (t = 935 s). Nevertheless, the univariate PCF statistics (Fig. 2B,
C) showed that the extent of localized ZAP-70 recruitment (EOSCmea-
sure) decreased over time from values of 3–6 at the beginning (150–
200 s) to values of ~2 at a later stage of spreading (400–900 s). Respec-
tively, the bivariate statistics indicated better mixing of the TCR and
ZAP-70 over time (Fig. 2D, E). Thus, we found that localized TCR activa-
tion decreased, yet remained signiﬁcant over the time of cell spreading.
Multiple mechanisms can be considered to account for the localized
activation of TCRs inside clusters. We next sought to shed light on
relevant mechanisms and their ability to account for our experimental
observations and measurements. We separate our discussion to artifac-
tual mechanisms that could arise from our speciﬁc experimental set-up,
and to physiologically relevant mechanisms. We discuss ﬁrst possible
experimental mechanisms and rule them out. We then introduce a
modeling and simulation framework to study physiologically relevant
models that could account for our observation of localized TCR activa-
tion inside clusters.
2.4. Possible experimental mechanisms for localized TCR activation are
ruled out
Activation by antibody-coated coverslips involves the adhesion of
activating αCD3ε on the surface of the coverslip. The activation ﬁeld,
i.e. the distribution of αCD3 antibodies on the coverslip, may not be
homogeneous, thus causing localized engagement and activation of
TCRs on the coverslip. To rule out thismechanism,we visualized the dis-
tribution of the αCD3 antibodies on a coverslip using a secondary anti-
body that targeted the αCD3 antibody, and was labeled with Alexa647.
We then imaged the spread of individual secondary antibodies using di-
rect stochastic optical reconstruction microscopy (dSTORM) [28]
(Fig. 3A). Our dSTORM imaging showed thatαCD3 coatingwas uniform
on themicron and sub-micron scales (Fig. 3A, left andmiddle images). A
limited number of isolated antibody aggregates could be detected in theFig. 3. Localized TCR activation cannot be explained bypotential experimental artifacts. (A) AdSTO
a secondaryGAH antibody labeledwith Alexa647 (see further details in SI). Two zoomed images o
bywhite arrows (middle). (B) Two-color PALM imaging of E6.1 Jurkat cells expressing TCRζ–PAmC
tion (PCF) was generated for the selected sets with respect to ZAP-70 (green) molecules, as in Fig
Fig. 1E. (E) Two-color PALM imaging of E6.1 Jurkat cells expressing TCRζ–PAmCherry and TCR
generated for the selected sets with respect to TCRζ–PAmCherry (red) molecules, as in Fig. 1D. (Gsub-micron scale (Fig. 3A, white arrows in middle image), however the
spread of the aggregates could not account for themany ZAP-70 clusters
we observed within TCR clusters and, thus, for localized TCR activation
(Fig. 1). Unfortunately, dSTORM imaging presents multiple difﬁculties
in counting the exact number of αCD3 antibodies, thus limiting our
ability to report on absolute counts of antibodies in this experiment.
Fluorescent proteins, including PAFPs, may dimerize or even form
aggregates within cells [29,30]. For this reason, we used in this study
the PAFPs Dronpa and PAmCherry that have been conﬁrmed as mono-
meric [19,20]. To further rule out such artifacts, we switched the tags
of TCR and ZAP-70, and visualized cells expressing TCR–PAmCherry
and ZAP-70–Dronpa. We got patterns of localized ZAP-70 recruitment
and TCR activation, similar to the case with the reversed tags, with
comparable univariate and bivariate PCF statistics (compare Figs. 1
and 3B–D). We further imaged cells expressing TCRζ–Dronpa and
TCRζ–PAmCherry to validate that no self-clustering occurs with either
construct (Fig. 3E). The resultant univariate and bivariate PCFs indicated
good agreement with the simulated PCFs due to the random labeling
model (with EOM of 0.985 and EOSC of 0.826). Thus, this measurement
further served as a negative control for the localized TCR activation that
we observed (Figs. 1, 2).
We conclude that the localized TCR activation patterns we observed
cannot be accounted for by artifacts and imperfections of the experi-
mental setup and measurements. We next describe a framework for
modeling and simulation of mechanisms of localized TCR activation
and its application to the study of multiple physiological mechanisms
that have been raised in the literature.2.5. A numerical model for early TCR activation
To critically study various mechanisms of localized TCR activation,
we adapted a statistical–mechanical model for T cell engagement [31]
to simulate our experiments. The model captures in general the ener-
getics of the PM of interacting T cell and APC. Speciﬁcally, it balances
forces of repulsive interactions between glycoproteins (e.g. CD45 and
CD43), attractive interactions (e.g. between the TCR and pMHC and
the integrins ICAM and LFA), and thermal ﬂuctuations (Fig. 4, left
panel). Importantly, the model is capable of capturing T cell spreading,
mature synapse formation and TCR clustering [31]. Our experimental
setup, however, utilized an αCD3 coated coverslip to mimic the APC.
Hence, we considered in our model attractive forces only due to TCR
engagement to randomly distributed antibodies (Fig. 4, see detailed
description of molecular interactions and their potentials, as depicted
in panel B, in the Methods section). We also included repulsive interac-
tions due to CD45 and thermal ﬂuctuations of the PM (Fig. 4). We fur-
ther used for the simulations physiologically relevant parameters,
including TCR and pMHC concentrations, interaction potentials and
membrane stiffness (see Table S1 for a list of used parameters). All
simulations started with randomly distributed TCRs and CD45 mole-
cules (Fig. 5A, i) that further diffused and interacted, while initially
randomized positions of αCD3 antibodies were kept throughout the
simulations. Using nominal parameters, we were able to capture T cell
spreading (Figs. 5, 6). The PM of the spreading T cell demonstrated
complex and dynamic patterning, with regions of tight contact with
the coverslip (Fig. S1) that were rich in TCR and adjacent regions
enriched with glycoproteins (panel A in Figs. 5, 6 and S5, S6). We next
employed themodel to simulate different mechanisms of molecular in-
teractions that could account for localized TCR activation.RM imageof theαCD3 antibodies on an activating coverslips. The antibodieswere targeted by
f decreasing sizes are shown (middle and right). Sporadic antibody aggregates are highlighted
herry and ZAP-70–Dronpa onαCD3-coated coverslips. (C) A univariate pair correlation func-
. 1D. (D) A bivariate pair correlation function (PCF) was generated for the selected set, as in
ζ–Dronpa on αCD3-coated coverslips. (F) A univariate pair correlation function (PCF) was
) A bivariate pair correlation function (PCF) was generated for the selected set, as in Fig. 1E.
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Fig. 4. A numerical model for T cell activation by an activating coverslip. A numerical model that captures the energetics of the plasma membranes of interacting T cell and an activating
coverslip. (A) The model balances forces of repulsive interactions between glycoproteins (e.g. CD45 and CD43, in magenta), attractive interactions (e.g. between the TCR and αCD3,
activating antibody, in green), and thermal ﬂuctuations of the plasma membrane. (B) The potential energy (V) of molecular interactions at the PMs of T cell and APC (or activating
coverslip), as a function of their local separation (Zij).
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We next considered multiple physiological mechanisms of localized
TCR activation to account for our experimental results, and studied
whether these mechanisms could account for localized TCR activation
via numerical modeling and simulations, as detailed below (cases 1–
6). Importantly, in each case we confronted the simulated results with
our experimentally measured statistics for TCR and ZAP-70 localization.
Speciﬁc parameters for each case are detailed in the Methods section
and in Table S1. Results are shown for each case after 2 min (12,000
simulation steps; Figs. 5, 6) and 5 min (30,000 simulation steps;
Figs. S5, S6). Notably, in our simulations the molecular patterning at
the plasma-membrane of activated cells and related statistics seemed
to settle relatively faster than in our experiments. Thus, we chose to
show simulated results that were equivalent to after 5 min (i.e. 30,000
iterations) from its start. Each case was simulated between 15 and 20
times to account for the stochastic nature of the governing processes.
Simulated statistics were shown up to a length scale of 500 nm to high-
light the differences of the statistics due to the simulated cases from the
random labeling model.
2.6.1. Case 1. Localized TCR activation in newly formed contacts
TCR activation follows closely the adhesion and spreading process of
activated T cells. Yokosuka et al. [24] showed that T cell activation was
initiated in TCRmicroclusters at initial contact sites and at the periphery
of a mature immunological synapse. TCR clusters that translocated to
the center of the immunological synapse lost their ability to recruit
ZAP-70. This observation suggests either that ZAP-70 recruitment is
lost over time or that it is lost over space (i.e. at the center of the immu-
nological synapse). Since our experimental assay involves the blocking
of TCR translocation, only the mechanism of ZAP-70 recruitment loss
over time could generate localized TCR activation in TCR clusters. We
simulated this mechanism by allowing the molecular interactions de-
scribed above for the model. Our simulation results indicated that this
mechanism was not sufﬁcient to generate localized TCR activation
(Fig. 5B). This result can be explained by the fact that on- and off-rates
of ZAP-70 were much faster than the process of TCR patterning at the
PM. Thus, ZAP-70 equilibrated quickly inside TCR clusters while the
latter evolved in time.
2.6.2. Case 2. Short-range cooperativity due to conformational changes of
TCR chains in clusters
A model for direct cooperativity has been proposed to occur
between neighboring TCR chains in dimers or nanoclusters [12]. Specif-
ically, upon engagement by a cognate antigen on the alpha and beta TCR
chains, the epsilon chain undergoes a conformational change thatexposes its ITAM motifs to phosphorylation by Lck and Fyn. Moreover,
this conformational change can push against a neighboring TCR and in-
duce a similar conformational change of the epsilon chain of the neigh-
boring TCR. Thus, this mechanism allows for the phosphorylation of
proximal TCRs, independent of their engagement with cognate anti-
gens, and for the cooperative activation of TCRs in clusters over a very
short (contact) distance [12]. In this simulation, engaged TCRs could
bind to nearest-neighbor free TCRs, and ZAP-70 could be recruited
onto engaged TCRs and to proximal TCRs. Thus, cooperative interactions
were limited here to nearest neighbors of engaged TCRs. Our simulation
results indicated that this mechanism could not cause localized TCR
activation (Fig. 5C).
2.6.3. Case 3. ZAP-70 recapture by activated TCRs in clusters
The recruitment of ZAP-70 to TCR chains is a stochastic process, by
which it can undergo binding and unbinding to themultiple ITAMs on ac-
tivated TCRs. With the absence of proximal binding sites, ZAP-70 would
quickly escape the PM and diffuse back to the cytosol [25]. Nevertheless,
ZAP-70 could become effectively trapped in TCR clusters due to their
high local concentration (or density) of phosphorylated TCR chains. We
thus hypothesized that the high local concentration of phosphorylated
ITAMs in a TCR cluster can facilitate the recapture of de-touching ZAP-
70 by proximal TCR chains within a cluster. In this simulation, engaged
TCRs could bind to nearest-neighbor free TCRs. ZAP-70 could be recruited
to engaged TCRs and to proximally bound TCRs. ZAP-70 molecules that
detached from a TCR could rebind to a nearest neighbor TCR. In this
case, our simulation results indicated that this mechanism could indeed
cause localized TCR activation (Fig. 5D). However, unlike our experimen-
tal results, this localized activation was transient and completely dimin-
ished with cell spreading (Fig. S5C).
2.6.4. Case 4. Long-range cooperativity of TCRs in clusters due to
ZAP-70 recapture
The cases simulated above could not capture the extent and persis-
tence of the localized TCR activationwemeasured. Hence, we simulated
long-range interactions between engaged TCRs in clusters. Such long
range interactions may result from the efﬁcient and iterative hand-
over of ZAP-70molecules from one engaged TCR to its nearest neighbor
within a cluster [32]. In this case our results captured the measured
localized activation of TCRs, as indicated by Fig. 6A, yet diminished
with cell spreading (Fig. S6A).
2.6.5. Case 5. Long-range cooperativity of TCRs in clusters due to serial
transmission of conformational changes between TCR chains in clusters
A second conceivable way of extending the range of localized TCR ac-
tivation is through the serial transmission and spread of conformational
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Fig. 5. Short-range TCR interactions do not account for the measured statistics of localized TCR activation. (A) Initial conditions of the simulated interface between the T cell PM and an
activating coverslip. (i) A distribution of randomly positioned CD45 (magenta) and TCR (green). (ii) A distribution of randomly positionedαCD3 antibodies. The antibodieswere immobile
throughout the simulation. (iii) Randomized topography of the T cell upon engagementwith the coverslip. Color coding represents the height of the TCR PMabove the coverslip (ΔZij). Bar
— 1 μm. (B) Simulation results of case 1, localized TCR activation in newly formed contacts (see details in the Results section). Shown are results for a single representative simulation of T
cell engagement after 2 min (12,000 iterations) (N N 15 simulations) (i–iii). (i) The distributions of CD45 (magenta) and TCRs (green). (ii) The distribution of engaged TCRs (black), free
TCRs (green), and ZAP-70 (red) in the same area as in panel A. (iii) A univariate PCFwas generated for the selected setswith respect to ZAP-70 (red)molecules. The PCF (bold red line)was
compared to PCFs due to 19 randomsets generated byMonte-Carlo simulations (dotted red lines). (C) Simulation results of case 2, short-range cooperativity due to conformational changes of
TCR chains in clusters. Shown are results for a single representative simulation of T cell engagement (N N 15 simulations) as in panel B (i–iii). (D) Simulation results of case 3, ZAP-70 recap-
ture by activated TCRs in clusters, combined with the cooperative interactions of TCRs, as described in case 2. Shown are results for a single representative simulation of T cell engagement
(N N 15 simulations) as in panel B (i–iii).
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this mechanism by allowing the engagement of TCRs (case 2) to spread
to all proximal TCRs in a cluster. Again, we found that this mechanismwas able to capture the measured statistics of localized TCR activation
throughout cell spreading. In this case, localized TCR activation remained
signiﬁcant throughout the time of cell spreading (Fig. 6B).
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Fig. 6. Long-range TCR interactions and localized Lck phosphorylation capture the statistics of localized TCR activation. (A) Simulation results of case 4, long-range cooperativity of TCRs in
clusters. Shown are results for a single representative simulation of T cell engagement (N N 15 simulations) as in Fig. 5 panel B (i–iii). (B) Simulation results of case 5, long-range
cooperativity of TCRs in clusters and short-range cooperativity due to conformational changes of TCR chains in clusters. Shown are results for a single representative simulation of T
cell engagement (N N 15 simulations) as in panel B (i–iii). (C) Simulation results of case 6, localized phosphorylation of TCRs by clustered active Lck and Fyn. Shown are results for a single
representative simulation of T cell engagement (N N 15 simulations) as in panel B (i–iii).
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and Fyn
Upon engagement with cognate antigens, the kinases Lck and Fyn
phosphorylate ITAM motifs on the intracellular chains of the TCR.
However, Lck is constitutively active independent on T cell activation
[33]. Moreover, Lck and phosphorylated TCRζ have been recently
shown to colocalize in the centers of activated T cells, with diminished
colocalization at the periphery of the cells [34]. Such colocalization
could be explained by the loss of Lck mobility upon engagement of
TCRs. Thus, we hypothesized that the localized presence of active Lck
and Fyn molecules next to engaged TCRs could give rise to localized
TCR activation that we observed here. To simulate this mechanism we
added a population of Lck molecules that diffused at the PM of the acti-
vated T cell. Lckmolecules that contacted TCRs enabled their phosphor-
ylation and ZAP-70 binding. The diffusion of such Lck molecules was
reduced. Our results show that this mechanism could also recapture
the spatial extent of localized TCR activation that we measured, yetsimilar to the results of case 4, localized TCR activation diminished
with cell spreading (Fig. 6C).
3. Discussion
Here, we used two-color PALM imaging of ﬁxed and live cells to
study the spatial organization of TCR activation at the single molecule
level. We used antibody-coated coverslips to homogeneously engage
TCRs at the PM of Jurkat E6.1 cells, and visualized the recruitment
patterns of individual ZAP-70 molecules to TCRs within TCR clusters.
Importantly, our experimental assay suppressed the diffusion and
translocation of engaged TCRs, thus simplifying our imaging and inter-
pretation of TCR and ZAP-70 colocalization in live cells. Surprisingly,
we observed that ZAP-70 was recruited to TCR in a localized fashion in-
side TCR clusters, thus indicating localized TCR activation. Previously
used statistics [5] could not capture this intricate patterning, and thus,
were complemented here with additional statistics (a comparison of
819Y. Neve-Oz et al. / Biochimica et Biophysica Acta 1853 (2015) 810–821univariate PCFs to a random labeling model). Indeed, our simulation
results due to mechanisms of localized TCR typically resulted in
bivariate PCFs that closely followed a random mixing model
(Fig. S4B), while the univariate PCF signiﬁcantly exceeded the ran-
dom labeling model (Fig. S4A), and thus provided a more sensitive
measure for localized TCR activation within clusters. Using this
statistics, we found that localized TCR activation extended up to
length scales of 250–400 nm, thus indicating its occurrence in both
nano- and microclusters.
To validate our experimental results, we addressed possible artifac-
tual mechanisms that could give rise to localized TCR activation. Using
control experiments we showed that the localized TCR activation we
observed could not be accounted for by artifacts and imperfections of
the experimental setup and measurements. We then turned to numer-
ical modeling of TCR activation to simulate various physiological
mechanisms of TCR activation in clusters (Table S2). Admittedly, our
modeling lacked multiple relevant components that could play a key
role in T cell activation, including the T cell cytoskeleton and surface
proteins such as integrins and molecular motors. Nevertheless, our
models and simulations could capture reach molecular patterning that
is associatedwith T cell activation. Such patterning included cell spread-
ing, multiscale clustering of TCRs (including micro and nano-clusters)
and their segregation from CD45. In modeling, we speciﬁcally focused
on mechanisms proposed in the literature that could account for rela-
tively short-range interactions of TCRs in clusters. Relevant simulation
parameters were drawn from measurements in the literature, when
available (see Table S1 and the Methods section). We further scanned
for parameters to quantitatively capture the measured spatial correla-
tions of localized ZAP-70 recruitment. Speciﬁcally, our simulations
indicated that the temporal process of TCR engagement failed to dem-
onstrate localized TCR activation over the wide range of used parame-
ters. Furthermore, both a mechanism of short-range interactions due
to conformational changes of the TCR chains and a mechanism of ZAP-
70 recapture by nearest neighbor TCRs were insufﬁcient to provide
the extended range and temporal persistence of localized TCR activation
that we experimentally measured. Rather, adequate recapture of our
results seemed to require long-range cooperativity of TCR in clusters
or their efﬁcient recapture (i.e. hand-over) of ZAP-70 molecules. Alter-
natively, localized presence and activity of Lck and Fyn next to TCRs in
clusters could also capture the extended range of localized TCR activa-
tion. Hence, thesemechanisms stood out as candidates for the localized
activation pattern.
Our results show that the TCR signal can be locally ampliﬁed,
through the mechanisms of TCR binding to each other, possible
transmission of conformational changes that allow their phosphory-
lation in TCR clusters, and their potential recapture or hand-over of
detaching ZAP-70 molecules. This observation is consistent with a
recent study [35], which showed that the ampliﬁcation stage of the
TCR signal does not occur at the engagement stage of the TCR by cog-
nate antigens on MHC molecules. Rather, signal ampliﬁcation
seemed to occur at the stage of ZAP-70 recruitment to activated
TCRs, as 3 ZAP-70 molecules were identiﬁed per a single activation
event, which is compatible with our simulation results. Thus, local
ampliﬁcation of the TCR signal can serve to determine the fate of
early TCR activation.
Importantly, additional possible mechanisms may give rise to local-
ized TCR activation, beyond the mechanisms that we simulated here.
Moreover, the simultaneous operation of multiple mechanisms may
also give rise to this phenomenon. In the face of such complexity, it is
important to state that our goalwas to quantitatively evaluate simplistic
models and to identify their critically missing characteristics. Thus, our
simulations can provide a test of our understanding of T cell activation
by signaling complexes, and can further serve to reﬁne iteratively both
experiments and models. This approach is also relevant to studying
multiple mechanisms of signal transduction and cell activation in
additional pathways and cell types.4. Conclusions
Using super resolution light microscopy we were able to detect
unexpected patterns of localized activation of TCRs inside clusters in
single molecule detail. We were further able to resolve the dynamics
of this localized activation in live, spreading cells and to quantitatively
evaluate possible causative mechanisms using minimal modeling and
numerical simulations. Plausible mechanisms should incorporate long-
range cooperativity between TCRs or localized activity of Lck. Our re-
sults demonstrate the role of molecular clustering in cell signaling and
activation, and are relevant to studying a wide range of signaling
mechanisms.
5. Methods
5.1. Sample preparation
Fluorescent conjugates of TCRζ and ZAP-70 with the photo-
activatable proteins Dronpa or PAmCherry were created by the replace-
ment of previously tagged constructs by digestion and ligation of new
inserts, as previously described [5]. DNAwas introduced into E6.1 Jurkat
T cells using the Neon electroporation system (Invitrogen). Transiently
transfected cells were monitored for positive expression of PAmCherry
or Dronpa chimeras and imaged within 24–48 h from transfection. We
prepared coverslips for imaging spread cells following a previously de-
scribed technique [18]. Cells were dropped on glass coverslips coated
with 0.01% poly-L-lysine (Sigma) and αCD3ε (UCHT1 or HIT3a; BD
Biosciences) stimulatory or αCD11a (BD Biosciences) non-stimulatory
antibodies at a concentration of 10 μg/ml. Cells were resuspended in
imaging buffer and dropped onto the coated coverslips, incubated at
37 °C for the speciﬁc spreading time (typically 3 min), and ﬁxed with
2.4% PFA for 30min at 37 °C. For live cell imaging, cells were resuspend-
ed in imaging buffer and dropped onto the coated coverslips while im-
aging the coverslip.
5.2. PALM and dSTORM microscopy
Two color PALM imaging was performed on a total internal reﬂec-
tion (TIRF) microscope (Nikon). Imaging in TIRF mode served to visual-
ize molecules at the PM of spreading cells in close proximity to the
coverslip (up to ~100 nm). PALM images were analyzed using the
STORMmodule in NIS-Elements (Nikon) or a previously described algo-
rithm to identify peaks and group them into functions that reﬂect the
positions of single molecules [17]. PALM acquisition sequence typically
took 5–10 min for single channel imaging, 15–20 min for two channel
imaging, or 5 min at 80 fps for live-cell imaging. Custom algorithms
were then applied so that the position map of the identiﬁed molecules
was further studied, as detailed in the Supplemental information. For
two-color PALM imaging, we used chimeric constructs of molecules
with Dronpa or PAmCherry [5]. The ﬂuorescent constructs were imaged
with fast alteration of the imaging channel (rate of 27 fps). Photo-
activation illumination at 405 nm was changed over the imaging se-
quence of ﬁxed cells to image ﬁrst Dronpa and then PAmCherry at an
increased illumination level. For live cell imaging, photoactivation
illumination at 405 nm was kept constant. Drift compensation and
channel registration were compensated by dedicated algorithms in
the STORMmodule. Our dSTORM imaging of αCD3 antibodies, targeted
with Alexa647 secondary antibodies, was conducted using a published
protocol [28] and analyzed using the same algorithms as in PALM.
5.3. Data analyses
5.3.1. Pair Correlation functions
Univariate and bivariate PCFs and their conﬁdence intervals were
generated by either an algorithm derived in Matlab (Mathworks) or a
previously published algorithm [36], and as previously detailed [21].
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To generate the images in Fig. 2A, each image represented the accu-
mulation of 1000 frames of PALM acquisition movie, with alternating
acquisition of the green and red channels. The images were assigned
the frame time of the ﬁrst participating frame from the PALM movie.
These accumulated frames were further used to generate movies of
the cell spreading (Movies S1–S4). The accumulated frames were next
analyzed in one of three ways, as described in the Results section. The
images in Fig. 2A (and frames in Movies S3 and S4) were generated by
ﬁltration of the TCR (green) channel using a Kalman ﬁlter (ImageJ),
with variance estimate of acquisition noise of 0.05 and bias of the pre-
diction of 0.8.
5.3.3. Modeling and simulations
The simulations imitated an experimental setup where the APC was
replaced by a rigid coverslip uniformly coveredwith immobile anti-CD3
(αCD3) antibodies that represented the agonist pMHCs. The simula-
tions ran on an array of 300 × 300 patches with periodic boundary con-
ditions. The patch sizewas a=10nm. Each 10 nmpatch could contain a
single protein from each membrane. We assumed periodic boundary
conditions of the simulations, i.e. molecules that crossed an edge of
the simulated area entered the area from the opposite side. For getting
initial conditions of the simulations, the coverslipwas coveredwith ran-
domly scattered immobile αCD3 antibodies with a density of 150/μm2.
The simulated T-cell membrane contained only TCRs and CD45 mole-
cules that were randomly scattered with densities of 150/μm2 and
1000/μm2 respectively. The TCRs and the αCD3s attracted each other
by a square well potential (Fig. 4B) when belonging to the same patch.
We note that the binding energy of the αCD3 antibody to the TCR is
stronger than the binding energy of the pMHC to the TCR and, thus,
we set it to: UTCR − αCD3 = −10KBT [31]. The potential well was
10 nmwide and its center was at 13 nm. The CD45molecules interacted
with the coverslip as repulsive springs with length of lcd45=50 nm and
a compressional stiffness of kcd45 = 0.1 pN/nm (Fig. 4A, B; [37]). The
initial inter-membrane distance matrix was initiated with
physiological-like rufﬂes (Fig. 5A, right panel). In all cases of the simula-
tions, we noted that the protein density and distribution were strongly
dependent on the initial topography of themembrane. To accelerate the
simulations we typically chose initial conditions with multiple and ex-
tended initial contacts.
5.3.3.1. Simulated energetics. In the simulations we used the Hamiltoni-
an H = Hint + Hel, to simulate the energetics of the overall interac-
tions between the T cell membrane and the coverslip (represented
by the term Hint) and the elasticity of the T cell membrane (repre-
sented by the term Hel). The interaction part, Hint, was deﬁned as fol-
lows:
Hint ¼
X
i
δ1;TCRiδ1;αCD3i
 
VTCR−αCD3 zið Þ þ δ1;CD45i VCD45 zið Þ: ð1Þ
where,
δ1;Ai ¼
1; if a protein of type A exists in patch i
0; otherwise

: ð2Þ
Apatch could contain only oneαCD3 from the coverslip and one TCR
or CD45 from the T-cell membrane. We further deﬁned the interaction
potential of the TCRs with αCD3, VTCR − αCD3, as follows:
VTCR−αCD3 zið Þ ¼ UTCR−αCD3; lTCR−αCD3−5 nm b zib lTCR−αCD3 þ 5 nm0; elsewhere

ð3Þ
where UTCR − αCD3 is the interaction strength of a TCR and αCD3, lTCR −
αCD3 is the length of an engaged TCR–αCD3 (=13 nm). zi is the inter
membrane–coverslip distance at patch i. The width of the square wellpotential was 10 nm and its depth was: UTRC − αCD3 = −10KBT, as
discussed above.
VCD45 zið Þ ¼ kcd45 zi−lCD45ð Þ
2
; ziblCD45
0; ziN lCD45

; ð4Þ
where kcd45 = 0.1 pN/nm, is the compressional stiffness of the CD45
molecules and lCD45, the length of the uncompressed CD45molecules,
was 50 nm.
The elastic part of the Hamiltonian, Hel, was deﬁned as follows:
Hel ¼
X
i
κ
2a2
Δdzið Þ2 ð5Þ
where κ= κ1 · κ2 / (κ1 + κ2), is the general effective bending rigidity of
twomembranes. In our case, this bending rigiditywas effectively κ≈ κ1,
since κ2 ≫ κ1 (by our use of a coverslip) and was set equal to
100 pN·nm [37]. The lattice constant a was set to 10 nm and Δdzi =
zi1 + zi2 + zi3 + zi4 − 4zi, (where i1, i2, i3, i4 are the indices of the
four nearest neighbors of patch i).
5.3.3.2. Simulated dynamics. The coverslip contained only immobile
αCD3 as ligands, randomly scattered at concentration of 150/μm2
[35]. In contrast, the ﬂexible membrane of the T cell contained TCR
proteins that could bind to the αCD3 and CD45 proteins that acted
as repulsive springs upon interaction with the coverslip. In every it-
eration of the simulation, all of the molecules embedded in the
plasma-membrane of the T cell attempted to hop to one of the neigh-
boring patches. Each protein type had a typical diffusion constant
D‘type’. The hopping attempts of the proteins could succeed (i.e.
accepted by the simulation) or fail (i.e. rejected), according to the
following rules:
1. The target patch was not occupied.
2. The probability of accepting a hopping attempt was according to the
Metropolis criterion:
P hopping acceptedð Þ ¼ 1; ΔEb 0exp −ΔEð Þ; ΔEN0

ð6Þ
3. If more than one protein attempted to hop to the same patch, only
the protein with the highest energy gain (namely, the smallest ΔE)
would hop.
We further simulated random membrane ﬂuctuations by allowing
the inter membrane–coverslip distances {zi} to attempt a random
change in value with increments between +1 nm and−1 nm. These
attempts were also accepted according to the Metropolis criterion.
5.3.3.3. Simulated cases.We simulated six different cases, with the fol-
lowing conditions (see Table S2 for a summary of the simulated mech-
anisms of localized TCR activation):
Case 1. As the system evolved, ZAP-70 molecules could randomly bind
to the engaged TCRs with binding probability of pzap_on = 10−5
and an unbinding probability of pzap_off = 10−3. We assumed
that the extent of ZAP-70 binding (or TCR phosphorylation)
does not affect the dynamics of the system.
Case 2. Engaged TCRs could attach up to eight nearest-neighbor free
TCRs. This attachment occurred deterministically once a free
TCR became proximal to engaged TCRs. The attached TCRs
could then detach with a probability of 0.01. ZAP-70 could be
recruited with probability pzap_on = 10−5 to engaged TCRs
and to neighboring TCRs that are attached to non-engaged
TCRs. ZAP-70 molecules that detached from a TCR could not
rebind to a nearest neighbor TCR.
Case 3. As in case 2 with the addition that ZAP-70 molecules that
detached from TCRs could rebind to nearest-neighbor TCRs
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(namely, half of the molecules were allowed to rebind while
being redistributed among nearest-neighbors). Extending the
nearest-neighbor area did not change the pair correlation func-
tion signiﬁcantly.
Case 4. Similar to case 1, with added conditions where all engaged-
TCRs around a phosphorylated engaged-TCR were allowed to
be phosphorylated with a normal probability distribution, hav-
ing a maximum value of 1 and a standard deviation σphos =
20 nm (i.e. 2 pixels in the simulations).
Case 5. Similar to case 4, with the added condition that TCRs could at-
tach (deterministically) to nearest-neighbor engaged-TCRs
with a probability of detachment of 0.01.We noted that extend-
ing the standard deviation, σphos, did not change the pair corre-
lation function signiﬁcantly. To clarify the relations between the
above conditions, the relations between cases 4 and 5 are sim-
ilar to the relation between cases 1 and 2, and were established
by adding the ability of TCRs to attach to neighboring engaged
TCRs.
Case 6. TCRs were not allowed to attach to nearest-neighbors engaged
TCRs.We added here Lckmolecules that started at random con-
centrated locations and diffused randomly with a relatively
slow diffusion coefﬁcient of DLCK = 0.00275 μm2/s (see further
details in Table S1, [38]). Lck molecules that randomly touched
engaged TCRs lost their mobility. When Lck and TCR coincided
they could get phosphorylated by ZAP-70 with a probability of
10−3. We found that the model was sensitive to Lck diffusion,
as diffusing molecules (DLCK = 0.1 μm2/s) showed non-robust
localized TCR activation. However, the slower diffusion (or im-
mobilization) used in the presented simulation results showed
pronounced patterns of localized TCR activation.
Further information regarding materials, methods, and simulations
can be found in the Supplemental information.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamcr.2014.09.025.
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